The effect of exogenous abscisic acid (ABA) on the rate of sucrose uptake by soybean (Glycine max L. Men.) embryos was evaluated in an in vitro system. In addition, the concentrations of endogenous ABA in seeds of three soybean Plant Introduction (PI) lines, differing in seed size, were commpared to their seed growth rates. ABA (10-molar) stimulated in vitro sucrose uptake in soybean (cv 'Cly') embryos removed from plants grown in a controled environment chamber, but not in embryos removed from field-grown plants of the Sink strength describes the capacity ofan organ to accumulate photoassimilates, and is the product of sink size and sink activity (25). Plant hormones are probably involved in determining both sink size and sink intensity. While cytokinins, gibberellins, and auxins generally promote growth processes, ABA has most often been considered an inhibitory substance (24). However, promotive effects of ABA in sink tissues have now been reported. ABA enhanced sugar content in roots of intact bean plants, possibly by stimulating sugar transport from the shoot to the root (11). In some cases, applications of ABA to ears of wheat (7) and barley (22) have stimulated 14C assimilate transfer from the flag leaf to the ear. However, King and Patrick (12) saw no stimulation of 14C transport to wheat ears after injection of ABA into the grains. Correlations between rate of growth and ABA accumulation in major sinks have been reported for wheat (13, 14) , grapes (5), pea (3), bean (10), and soybeans (4, 15). The relatively high levels (up to 12.2 #g g-' fresh weight) (15) and timing of ABA accumulation in soybean seeds (1, 4, 15) suggest a role in seed growth above simply preventing precocious germination. Browning (3) found that ABA accumulated more rapidly in a lare-seeded pea line and suggested a role for ABA in controlling cotyledon enlargement during linear seed fill. It has also been suggested that ABA may stimulate phloem unloading (8, 18) by decreasing the proton motive force across the sieve tube plasmalemma. The embryo-seed coat interface of the soybean seed (21) In addition, the endogenous ABA concentrations of seed coats, cotyledons, and embryonic axes of three field-grown soybean PI lines differing in seed size were compared to their seed growth rates during filling.
ABSTRACr
The effect of exogenous abscisic acid (ABA) on the rate of sucrose uptake by soybean (Glycine max L. Men.) embryos was evaluated in an in vitro system. In addition, the concentrations of endogenous ABA in seeds of three soybean Plant Introduction (PI) lines, differing in seed size, were commpared to their seed growth rates. ABA (10-molar) stimulated in vitro sucrose uptake in soybean (cv 'Cly') embryos removed from plants grown in a controled environment chamber, but not in embryos removed from field-grown plants of the three PI lines. However, the concentration of ABA in seeds of the three field-grown PI lines correlated well with their in sita seed growth rates and in vitro j"Cj sucrose uptake rates.
Across genotypes, the concentration of ABA in seeds peaked at 8.5 micrograms per gram fresh weight, corresponding to the time of most rapid seed growth rate, and declined to 1.2 micrograms per gram at physiological maturity. Seeds of the large-seeded genotype maintaned an ABA concentration at least 50% greater than that of the small-seeded genotype throughout the latter half of seed fillg. A higher concentration of ABA was fonnd in seed coats and cotyledons than in embryonic axes. Seed coats of the large-seeded genotype always had a higher concentration of ABA than seed coats of the small-seeded line. It is suggested that this higher concentration of ABA in seed coats of the large-seeded genotype stimulates sucrose ulding into the seed coat apoplast and that ABA in cotyledons may enhance sucrose uptake by the cotyledons.
Sink strength describes the capacity ofan organ to accumulate photoassimilates, and is the product of sink size and sink activity (25) . Plant hormones are probably involved in determining both sink size and sink intensity. While cytokinins, gibberellins, and auxins generally promote growth processes, ABA has most often been considered an inhibitory substance (24) . However, promotive effects of ABA in sink tissues have now been reported. ABA enhanced sugar content in roots of intact bean plants, possibly by stimulating sugar transport from the shoot to the root (11) . In some cases, applications of ABA to ears of wheat (7) and barley (22) have stimulated 14C assimilate transfer from the flag leaf to the ear. However, King and Patrick (12) saw no stimulation of 14C transport to wheat ears after injection of ABA into the grains. Correlations between rate of growth and ABA accumulation in major sinks have been reported for wheat (13, 14) , grapes (5), pea (3), bean (10) , and soybeans (4, 15) . The relatively high levels (up to 12.2 #g g-' fresh weight) (15) and timing of ABA accumulation in soybean seeds (1, 4, 15) suggest a role in seed growth above simply preventing precocious germination. Browning (3) found that ABA accumulated more rapidly in a lare-seeded pea line and suggested a role for ABA in controlling cotyledon enlargement during linear seed fill. It has also been suggested that ABA may stimulate phloem unloading (8, 18) by decreasing the proton motive force across the sieve tube plasmalemma. The embryo-seed coat interface of the soybean seed (21) In addition, the endogenous ABA concentrations of seed coats, cotyledons, and embryonic axes of three field-grown soybean PI lines differing in seed size were compared to their seed growth rates during filling.
MATERIALS AND METHODS
Growth Chamber Study. Plant Culture. Variety 'Clay' soybeans (Group 00 maturity) were grown in a controlled environment chamber in 1-L plastic pots in a 1.5:1.5:1 (v/v/v) mixture of vermiculite, peat, and sand. Pots were watered twice daily with automatic drip irrigation and given 250 ml of Table I ). However, different seed growth rates between the lines resulted in three contrasting seed sizes at maturity (Table I) .
Plant Culture. The three PI lines were field grown in four replicates of a randomized complete block design. Two weeks after emergence, plants were thinned to a uniform density of 13 plants/m in rows 76 cm apart. Flowers were tagged at anthesis to obtain a uniform population of pods for sampling. Trickle irrigation was used as necessary to minimize water stress.
Tissue Sampling. Pods were sampled biweekly from 22 d after anthesis (beginning of the linear seed filling period) through 57 d after anthesis when most seeds had reached physiological maturity (19) . Tagged pods were removed from the center nodes of three plants in each replicate between 0800 and 0900 h on each sampling date. Seven uniformly sized pods were then selected from each replicate. The distal seed was removed from each of three pods. On all but the first sampling date, these were quickly dissected into their seed coat, cotyledons, and embryonic axis. Fresh weights were recorded and the tissues were immediately frozen on dry ice. These tissue samples were stored at -20C until extraction for ABA analysis. The remaining four pods from each replicate were used for the in vitro sucrose uptake study.
In Vitro Sucrose Uptake. The procedure used was identical to that used in the growth chamber study with the following exceptions: (a) two embryos were placed in each flask containing 15 ml of incubation media; (b) pH was adjusted to 5.5 with BTP2; (c) three ABA concentrations, I0O, 10-', and at the time of an authentic ABA standard (10-13 min) was diverted through a column switching valve (Rheodyne) onto a second column; 150 x 10 mm, packed with RoSil (8 Mm particle size) (Alltech Associates). This fraction was subjected to a 20-min linear solvent gradient from 0.1 N acetic acid in H20 to 0.1 N acetic acid in 50% ethanol (2.5 ml min-'). The fraction eluting from this second column at the time of an authentic ABA standard (35-37 min) was collected and taken to dryness in vacuo at 30C. Gas Liquid Chromatography. Samples were methylated (16), dried under N2, and brought up in 500 Ml of ethyl acetate containing the ethyl ester of ABA as an external standard. One Ml was injected (275C) onto a 30 m x 0.242 mm i.d. fused silica glass capillary column (liquid phase DB-1, J & W Scientific) in a Hewlett-Packard 5880A gas chromatograph. Hydrogen (2 ml min-') was used as a carrier gas and a split injection (10:1 ratio) was used with 95% argon 5% methane as the make-up gas (29 ml min-'). In the isothermal separation (165C), methylated ABA standards eluted at 17.5 min and the ethyl ester ABA standard eluted at 22.1 min. Peak height responses ofthe methyl ester of ABA and the ethyl ester of ABA, measured by electron capture detection (285C) were recorded by a Hewlett-Packard 5880a integrator. Quantification was based on the ratio of the methyl ester peak height to the ethyl ester peak height. Radioactivity remaining in the 499-Mul volume was determined to estimate percent recovery of ['4C]ABA. Recoveries ranged from 60% to 90% and averaged 77%. (Fig. 1) .
Field Study. ABA Content. The amount of ABA in seeds increased quickly (Fig. 3A) as rapid fresh weight accumulation begn (Fig. 2) . This rapid accumulation of ABA early in filling was especially true for the large and medium-seeded PI lines, a result similar to that reported by Browning (3) in large pea seeds. Maximum ABA content occurred at 27 d after anthesis. This 1.6 .3 agrees with the early peak ofABA content in soybeans previously reported by Quebedeaux et al. (15) and Ciha et a. (4) in soybeans. Subsequently, the small and medium-seeded lines showed a marked drop in ABA content, while the large-seeded line maintained a relatively constant ABA content until at least 50 d after anthesis (Fig. 3A) .
A similar separation between PI lines is seen in the fresh weight accumulation curves (Fig. 2) . The large and medium-seeded lines gained weight rapidly until 30 d after anthesis. While the largeseeded line maintained its rapid rate offresh weight accumulation throughout the filling period, the rate of fresh weight accumulation of the medium-seeded line decreased concomitantly with a decrease in its seed ABA content (Figs. 2 and 3A) . The smallseeded line accumulated fresh weight very slowly and had a relatively small amount of ABA (Figs. 2 and 3A) .
The relative distribution of ABA among seed components is shown in Figure 3 , B, C, and D. By far the largest proportion of seed ABA (approximately 90% during mid seed fill) was present in the cotyledons (Fig. 3C) . Thus, developmental profiles of cotyledonary ABA closely resembled those of the total seed (Fig.   3A ).
The seed coats (Fig. 3B ) contained considerably less ABA than did the cotyledons (Fig. 3C) , and the developmental profile of ABA content in seed coats was quite different than that seen in cotyledons. ABA content of the seed coats was relatively high early in development (Fig. 3B) . At 25 d after anthesis, it accounted for 56%, 35%, and 30% of seed ABA in the large, medium, and small-seeded lines, respectively. However, ABA content of the seed coats dropped quickly until about 40 d after anthesis after which it remained constant. At this point, seed coat ABA made up approximately 6% of seed ABA in each of the three lines.
The embryonic axes contained very small amounts of ABA, less than 2% of the total seed ABA (Fig. 3D) . ABA Concentration. The concentrations ofABA in whole seeds (Fig. 4A ) and their components (Fig. 4, B , C, and D) tended to decrease during development as these structures accumulated dry weight. Seed ABA concentrations were similar in all three PI lines early in filling but between 35 and 40 d after anthesis significant differences (P < 0.05) became evident and persisted until 52 d after anthesis (Fig. 4A) . The large-seeded line maintained a higher ABA concentration than the other two lines during the latter half of filling. This relationship between seed size and ABA concentration has not been previously reported for soybeans.
Significant genotypic differences in ABA concentration ofseed components were also seen. At The concentration of ABA in cotyledonary tissue of the three lines (Fig. 4C) followed a developmental pattern similar to that of the whole seed (Fig. 4A) , except at 25 d after anthesis when cotyledons of the small-seeded line had a significantly greater ABA concentration than the large-seeded cotyledons (P < 0.05).
The embryonic axes had the lowest ABA concentration, usually less than 2 Mg g'-fresh weight (Fig. 4D) . No consistent differences in ABA concentration of the embryonic axes were seen between genotypes in this study (Fig. 4D) .
In Vitro Sucrose Uptake. The exogenous ABA treatments imposed in this study did not affect in vitro sucrose uptake of excised embryos removed from these field grown plants (data not shown). Thus, data from all treatments were pooled to estimate sucrose uptake per embryo (Fig. 5A ). Total uptake was proportional to seed size and increased with seed size until about 50 d after anthesis when it rapidly declined (Fig. 5A) . Generally, sucrose uptake per unit weight was inversely related to seed size (Fig. SB) . The small-seeded line consistently had the highest sucrose uptake rate per unit weight (Fig. SB) . In all three lines, uptake rates were highest early in filling, fell to a relatively constant level, and then declined sharply as physiological maturity approached.
DISCUSSION
Within the soybean seed, photosynthate transfer may be regulated at two distinct points. First, since all photosynthate entering the soybean embryo must enter through the seed coat (18) , phloem unloading in this tissue may represent one point of regulatory control. Second, the movement of sucrose towards the cotyledonary cells and its uptake by those cells may be considered another point of regulation.
Involvement of ABA in Phloem Unloading. Tanner (18) suggested a model of sucrose unloading in which ABA decreases the ATPase proton extrusion from the sieve tube elements, thus enhancing the effiux of sucrose into the apoplast by H+-sucrose cotransport. Alternatively, as suggested by Vreugdenhill (23), ABA may induce a passive sucrose leakage into the apoplast without affecting the H+-sucrose cotransport mechanism.
Our data are consistent with either of the two models. Seed coats of the large-seeded PI line had a relatively higher concentration of ABA (Fig. 4B ) and, at least early in development, contained a much higher percentage of the seed ABA than did seed coats of the other two lines (see "Results"). These findings support the hypothesis that a high concentration of ABA in the seed coat might enhance the rapid efflux of sucrose necessary to support the unusually high seed growth observed in the largeseeded line (10.0 mg dry weight/seed* d).
Involvement of ABA in Sucrose Uptake by Cotyledons. ABA (10-8-101 M) stimulated in vitro sucrose uptake by excised soybean embryos in the growth chamber study, suggesting that ABA is involved in regulating sucrose accumulation in soybean cotyledons. Similar enhancements of transport sugar accumulation by ABA have been reported in sugar beets (26) and more recently in apples (2).
In the current study, there was no effect of exogenous ABA on ABA in the in vitro sucrose uptake studies.
In the field study, in vitro sucrose uptake/unit weight was correlated with the endogenous ABA concentration of the cotyledons (P < 0.001, 2 = 0.60; Fig. 6 ). The relatively high concentration ofABA in cotyledons ofall genotypes early in filling (Fig.  4C ) coincided with rapid sucrose uptake per unit weight ( Fig  5B) . In contrast, lower sucrose uptake rates later in seed filling were paired with lower concentrations of ABA in cotyledons (Figs. 4C and 5B) . Although the importance of this relationship is still unclear, it, coupled with the relationship between ABA concentration and seed growth rate (Fig. 7) , may provide evidence for a promotive role of ABA in photoassimilate accumulation in soybean seeds.
Alternatively, the correlation between ABA level and seed growth rate (Fig. 7) may be interpreted simply as simultaneous transport ofassimilates and ABA in the phloem. However, while ABA synthesized in leaf tissue is known to be transported via the phloem to filling seeds (17) , its rate of transport in relation to the rate of assimilate transport is less certain. In summary, seed ABA concentration was related to seed size, seed growth rate, and in vitro sucrose uptake rate of the three field-grown PI lines. Higher levels ofABA were found in the seed coat and cotyledons than in the embryonic axis. Exogenous ABA stimulated in vitro sucrose uptake of embryos removed from plants grown in a controlled environment. It is proposed that ABA may stimulate rapid unloading of sucrose into the seed coat apoplast and may enhance movement of sucrose into cotyledons. Future studies in which the endogenous level of ABA in soybean seed tissue can be altered are necessary in order to understand the role of ABA in photosynthate accumulation in these reproductive sinks.
